INTRODUCTION
============

Oligomerization is one of the fundamental principles by which nature creates versatile biologically relevant systems ([@R1]--[@R3]). At the submolecular level, two, three, or four α-helical strands can pack parallel or antiparallel to form a bundle called a coiled-coil, which is widespread in protein structures ([@R1], [@R4]). At the intermolecular level, multiple proteins can cluster into homo- and hetero-oligomeric complexes to exert their functionalities ([@R2], [@R5], [@R6]). In particular, most of the soluble and membrane-bound proteins in a living cell are found to be oligomeric complexes with two or more protein subunits, e.g., the protein kinases, scaffolding proteins, transmembrane receptors, and signaling proteins ([@R3], [@R6], [@R7]). The evolutionary selection of oligomeric clusters improves the stability of proteins against proteolytic degradation, increases local protein concentration, enables allosteric cooperativity, and renders high specificity during molecular recognition ([@R3]). Motivated by the prevalence of protein oligomerization in nature, a key question that emerges is whether such selective oligomerization can be leveraged in the design of drug or labeling molecules, i.e., drug ligands that act as a mimic of native proteins that selectively oligomerize into a cluster to interact with their receptors.

Clustering of ligands and targeted receptors is an important proof of concept in the field of drug design because it conveys the information that drug oligomers can function as an indivisible unit, which differs from the conventional lock and key model where a single drug molecule incorporates into the grooves or channels formed by the successive side chains protruding from the protein surface ([@R8], [@R9]). An understanding of the factor that controls the self-association of drug ligands upon binding, however, is unclear, and thus, a rational engineering of oligomerization state specificity in the target recognition process remains elusive ([@R3], [@R7]). Typically, the oligomerization state of the bound drugs reflects the interplay between a pair of intermolecular interactions---the adhesive interactions between the drug ligand and the protein substrate to dissociate the drug oligomers, and the cohesive interactions among drug molecules to facilitate clustering ([@R10]). Given the fact that the microenvironment of the binding site fundamentally determines the adhesive interactions, we hypothesize that it is reasonable to engineer the association state of bounded drugs by changing the physiochemical features of the microenvironment.

Here, we first provide experimental evidence that thioflavin T (ThT), a molecular probe used to detect the presence of β-rich amyloid aggregate that is regarded as a diagnostic of protein-misfolding diseases ([@R11]--[@R14]), displays an oligomerization state specificity when incorporated into its amyloidal protein receptor, the 8--37 segment of human islet amyloid polypeptide (hIAPP~8--37~; [Fig. 1A](#F1){ref-type="fig"}). In our experiments, hIAPP~8--37~ self-assembled into a two-dimensional β sheet polypeptide monolayer on a freshly cleaved highly oriented pyrolytic graphite (HOPG) surface for ThT adsorption. We used scanning tunneling microscopy (STM) to investigate the adsorption structure of ThT molecules atop hIAPP~8--37~ at a single-molecule level and to map the local electron density of states in real space. To the best of our knowledge, these results are the first experimental evidence to establish the correlation between the intermolecular interactions and the oligomerization state of bound ThT and hint at the principles by which heterogeneous protein-drug complexity can be detected.

![Self-assembly of hIAPP~8--37~ at HOPG surfaces.\
(**A**) Primary sequence of hIAPP~8--37~. (**B**) A representative STM image of the hIAPP~8--37~ self-assembly on the HOPG surface. Tunneling condition: *I* = 299.1 pA and *V* = 529.8 mV. The molecular axes of the hIAPP~8--37~ peptide strands are indicated by the yellow double-headed arrow. The inset in (B) shows a statistical histogram of the *d* between the two adjacent peptide strands.](abc1449-F1){#F1}

RESULTS
=======

Self-assembly of hIAPP~8--37~ at HOPG surfaces
----------------------------------------------

Previous studies have shown that hIAPP exists in unstructured states under physiological conditions and misfolds into parallel β sheet structures that stack repetitively to form amyloidal fibrils in the pancreas of patients with type 2 diabetes ([@R15]--[@R17]). As evidenced in our experiments, the conversion of unstructured hIAPP~8--37~ monomers into misfolded β sheet--rich amyloid aggregates was indicated by the presence of amyloid fibrils with a variable length of several micrometers in aqueous solution (fig. S1). To gain more structural information, we deposited a 0.4 mM hIAPP~8--37~ aqueous solution on an HOPG surface and used STM to determine the self-assembly structure of the hIAPP~8--37~. As shown in [Fig. 1B](#F1){ref-type="fig"}, the lines with bright contrast correspond to the core region of the hIAPP~8--37~ peptide strands. The distance between the two adjacent peptide strands (*d*) was measured to be 4.3 ± 0.2 Å ([Fig. 1B](#F1){ref-type="fig"} and table S1), which is generally consistent with the interstrand spacing between two neighboring hydrogen bond--linked peptide strands of characteristic β sheet secondary structures ([@R18]). Therefore, we conclude that at the HOPG surface, hIAPP~8--37~ molecules adopt a hydrogen-bonded β conformation and self-assemble into β sheets, where the successive side chains within one peptide strand alternately extend to the two opposite sides of a pleated lamina. Our observations are consistent with prior cryo--electron microscopy and electron paramagnetic resonance spectroscopy experiments that showed that hIAPP fibrils have an ordered parallel cross-β structure and are composed of multiple β strand motifs ([@R19], [@R20]). We comment that the accurate measurement of the length of peptide strands (*L*) is not feasible because it is difficult to distinguish the peptide termini from the STM image.

Adsorption of ThT at the hIAPP~8--37~ assembly surface
------------------------------------------------------

To understand the binding of ThT to hIAPP~8--37~, we deposited a mixture solution of 0.4 mM hIAPP~8--37~ and 1 mM ThT on an HOPG surface, and we investigated the coassembly structure of hIAPP~8--37~ and ThT using the same STM conditions. As shown in [Fig. 2A](#F2){ref-type="fig"}, the size of a single ThT is expected to be 1.3 nm × 0.4 nm (length × width), which is supported by the cocrystal structure of monomeric ThT with *Torpedo californica* acetylcholinesterase (Protein Data Bank ID: 2J3Q) ([@R21]). Past studies have shown that free ThT in solution presents a wide distribution of conformations from the perpendicular state (the torsion angle φ between the benzothiazole and the benzylamine moieties is 90°) to the planar state (φ = 0°; [Fig. 2A](#F2){ref-type="fig"}) ([@R22], [@R23]). As shown in the STM image of the hIAPP~8--37~/ThT binary coassembly ([Fig. 2B](#F2){ref-type="fig"}), the signals of the ThT molecules were ambiguous, which is possibly due to the thermal fluctuation of ThT atop the hIAPP~8--37~ assembly. This observation is also supported by the quantification of the contrast of the brightness of ThT molecules. The cross-sectional profile analysis indicates that the difference in height (∆*h*) from the peak (ThT molecule) to the valley (substrate surface) was calculated to be 92 pm, which is indistinguishable.

![Adsorption of ThT on hIAPP~8--37~ monolayer self-assembly.\
(**A**) Perpendicular (left) and planar (right) resonance forms of ThT with the torsion angle φ between the benzothiazole and the benzylamine moieties. The blue and green planes represent the planes of the benzothiazole and the benzylamine moieties, respectively. The torsion angle φ is the dihedral angle between these two planes. (**B**) Representative STM image of hIAPP~8--37~/ThT coassembly on the surface of HOPG. Tunneling condition: *I* = 299.1 pA and *V* = 589.0 mV. Cross-sectional profiles corresponding to the white line in (B). The blue and yellow triangles label the peak and the valley, respectively.](abc1449-F2){#F2}

Coassembly of a chaperone-like molecule and hIAPP~8--37~ at HOPG surfaces
-------------------------------------------------------------------------

To decrease the thermal fluctuation of the hIAPP~8--37~/ThT binary coassembly system, we introduced a chaperone-like molecule to coordinate with hIAPP~8--37~ to increase the crystallinity of the protein assembly. Our previous studies have demonstrated that a chaperone-like molecule, 4,4′-bipyridine (4Bpy; [Fig. 3A](#F3){ref-type="fig"}), forms hydrogen bonding with the carboxyl termini of peptides, resulting in a reduction in the thermal fluctuations of the peptide pattern on the surface ([@R24], [@R25]). In our experiments, a mixture of 0.4 mM hIAPP~8--37~ and 0.4 mM 4Bpy was deposited on an HOPG surface, and the hIAPP~8--37~/4Bpy coassembly was visualized by using STM ([Fig. 3B](#F3){ref-type="fig"}). In the hIAPP~8--37~ sequence, there is no aspartic acid (Asp) or glutamic acid (Glu) that carries a carboxylic acid group that would potentially interact with 4Bpy via forming COOH^...^N hydrogen bonds. Thus, we expect that 4Bpy exclusively interacts with the hIAPP~8--37~ strand via forming an N^...^H─O hydrogen bond between the nitrogen atom of 4Bpy and the C-terminal carboxyl moiety of the peptide ([Fig. 3B](#F3){ref-type="fig"}). As evidenced in the representative STM image ([Fig. 3](#F3){ref-type="fig"}), the linear arrays with the relatively higher level of brightness correspond to 4Bpy strings, which have a higher electron density of states. The width of the bright features was measured to be approximately 0.8 nm, consistent with the theoretical size of a 4Bpy molecule. Between the two adjacent strings of 4Bpy, the lamella features with lower contrast are assigned to the hIAPP~8--37~ peptide strands. The separation between two neighboring peptide strands has been measured to be 5.2 ± 0.2 Å in the hIAPP~8--37~/4Bpy coassembly. This interstrand separation is slightly larger than 4.3 ± 0.2 Å for the hIAPP~8--37~ self-assembly but still within the distance range of hydrogen bond formation ([@R20]).

![Coassembly of hIAPP~8--37~/4Bpy at HOPG surfaces.\
(**A**) Molecular structure of 4Bpy. (**B**) Representative STM image of the coassembly of hIAPP~8--37~/4Bpy at HOPG surfaces. Tunneling condition: *I* = 299.1 pA and *V* = 539.2 mV. The yellow and white lines depict the molecular axis of the hIAPP~8--37~ strand and the string composed of 4Bpy molecules, respectively. Inset in (B) shows the distribution of *L* of hIAPP~8--37~ and the proposed structure of the coassembly of hIAPP~8--37~/4Bpy. AAs, amino acids.](abc1449-F3){#F3}

We reason that the location of 4Bpy labels the C termini of peptides and thereby provides a quantitative measure of the length of β-motifs in hIAPP~8--37~ strands to deduce the polypeptide folding sites. As illustrated in [Fig. 3B](#F3){ref-type="fig"} and table S3, the length ranges from 3.8 to 5.0 nm for the hIAPP~8--37~ C-terminal β-motifs. A previous study has reported the separation between two neighboring residues within one main chain to be 0.325 nm in the parallel β sheet structures ([@R18]). Accordingly, we estimate the residue number of the amino acids for the core region of hIAPP~8--37~ to be 12 to 15, and the most probable C-terminal β-motif length corresponds to 14 amino acid residues. On the basis of these calculation, the majority of the hIAPP~8--37~ C-terminal β-motifs were determined to be Gly^24^-Tyr^37^ (54.5% in the population), while a small population of C-terminal β-motif was observed to be Ile^26^-Tyr^37^ (0.4%), Ala^25^-Tyr^37^ (28.5%), and Phe^23^-Tyr^37^ (16.6%). Moreover, the multiplicity of hIAPP~8--37~ folding structures suggests that the hIAPP~8--37~ molecules in the STM image are a polymorphic mixture composed of multiple discrete conformers. We also note that, in the hIAPP~8--37~/4Bpy STM image ([Fig. 3B](#F3){ref-type="fig"}), the N-terminal domain, Ala^8^-Gly^24^, of hIAPP~8--37~ was indiscernible. We hypothesize that the N-terminal domain of hIAPP~8--37~ is positioned \>1 nm to the HOPG surface, which exceeds the separation distance that allows electrons to tunnel through the gap between the STM tip and a substrate ([@R26]).

Ternary coassembly of ThT and hIAPP~8--37~ with 4Bpy
----------------------------------------------------

To verify the impacts of protein substrate crystallinity on modulating ThT adsorption, we prepared the ternary coassembly of hIAPP~8--37~/4Bpy/ThT by depositing a drop of the mixed aqueous solution containing 0.4 mM hIAPP~8--37~, 0.4 mM 4Bpy, and 1 mM ThT on an HOPG surface for STM imaging. Intriguingly, dozens of the fusiform and quadrilaterals with high brightness contrast were formed between the 4Bpy strings in this ternary coassembly system, as shown in [Fig. 4 (A to D)](#F4){ref-type="fig"}. Theoretically, the conjugated π electrons of the benzylamine and benzathiole moieties of ThT have a relatively high local electron density of states in STM imaging, and thereby, the fusiform and quadrilaterals are attributed to be the adsorbed ThT molecules. As shown in the cross-sectional profile in [Fig. 4A](#F4){ref-type="fig"}, the center section of the curve presents a plateau with a clear boundary, corresponding to ThT molecules. The ∆*h* of the plateau is measured to be 186 pm, which is higher than that of an hIAPP~8--37~/ThT coassembly (92 pm; [Fig. 4E](#F4){ref-type="fig"}). These results support our hypothesis that 4Bpy enhances the crystallinity of hIAPP~8--37~ lamella and, thus, reduces the thermal fluctuations of ThT, resulting in improvements in the resolution of ThT molecules under STM.

![Selective oligomerization of ThT atop hIAPP~8--37~ with 4Bpy.\
(**A** to **D**) Representative STM image of ThT adsorption at hIAPP~8--37~/4Bpy surfaces. Tunneling conditions: *I* = 299.1 pA and *V* = 519.4 mV. Inset in (A) represents the cross-sectional profile corresponding to the white line. The blue and yellow triangles label the peak and the valley in (A). (**E**) STM contrast of ThT in the absence (gray) or presence (green) of 4Bpy. (**F** and **G**) Scheme and STM images of ThT oligomers before (left) (G) and after (right) (G) removal of ThT molecules. The dashed circle highlights the part removed by the STM tip.](abc1449-F4){#F4}

Selective oligomerization of ThT atop an hIAPP~8--37~/4Bpy coassembly
---------------------------------------------------------------------

In the STM images of the hIAPP~8--37~/4Bpy/ThT ternary system, the sizes of the fusiform and quadrilaterals formed by ThT molecules were measured to be a set of discrete amounts in the range of 1.5 nm × 0.9 nm to 2.3 nm × 1.5 nm, which are substantially larger than the theoretical molecular size of a single ThT molecule. This observation reveals that ThT molecules are bound as oligomers on the β sheet platelet formed by hIAPP~8--37~. To provide more insights into the oligomerization state of ThT, we used an STM tip to remove part of a fusiform from its original location without disruption of the rest of the coassembly structure, as shown in [Fig. 4](#F4){ref-type="fig"} (F and G). The states of ThT oligomers were subsequently investigated on the basis of their geometrical characteristics. We observed most of the ThT oligomers aligning along the axes of hIAPP~8--37~ β strands. Thus, we defined the side length of ThT oligomers parallel and perpendicular to the axes of the peptide strand to be *L* and *W*, respectively. Given the expected size of a single ThT molecule (approximately 1.3 nm × 0.4 nm), four types of ThT oligomers were identified and summarized in [Fig. 5A](#F5){ref-type="fig"}.

![Oligomerization states of ThT on hIAPP~8--37~.\
(**A**) Measured and simulated oligomerization states of ThT on hIAPP~8--37~/4Bpy coassembly surfaces. (**B** and **C**) Number distribution of different types of ThT oligomers determined by (B) the number of oligomers and (C) the number of constituent ThT units. (**D**) Relative energy difference between 1 × 2, 2 × 1, and 2 × 2 oligomerization states. (**E** and **F**) Schematic illustration of (E) cohesive interactions within a 2 × 2 ThT tetramer and (F) adhesive interactions between a ThT monomer and protein substrate. Color codes for (E) and (F): green for carbon, yellow for sulfur, blue for nitrogen, white for hydrogen, and gray for hIAPP~8--37~. (**G**) A schematic illustration of relative energy difference between the 2 × 2, 1 × 4, and 4 × 1 states.](abc1449-F5){#F5}

[Figure 5A](#F5){ref-type="fig"} shows the representative morphologies and the proposed molecular models for each oligomerization state. In the first type of ThT oligomers (approximately 1.3 nm × 0.9 nm), the *W* of an oligomer, 0.9 nm, is approximately equivalent to twice the short molecular axis of ThT. Thus, we attributed this type of ThT oligomer to be a "1 × 2" mode, which indicates that two ThT molecules are organized with a side-by-side configuration atop the surface of hIAPP~8--37~ strands. Moreover, the long molecular axes of ThT were observed to be parallel with the peptide strands. Similarly, the second type of ThT oligomers (2.3 nm × 0.5 nm) was assigned to the "2 × 1" mode where two ThT molecules are packed in a head/tail configuration. Following the same analysis method, the assembly modes "2 × 2" and "2 × 3" were determined for the other two types of ThT oligomers observed in STM images. In summary, the aggregation numbers for each association state were determined to be dimer (1 × 2 and 2 × 1), tetramer (2 × 2), and hexamer (2 × 3). Two conclusions can be drawn from our experiments. First, the oligomerization states of ThT are exclusively even numbers (dimer, tetramer, and hexamer) instead of odd numbers (monomer, trimer, etc.). Second, there exists a selection role for the ThT oligomerization state. This conclusion can be drawn due to a lack of observation of some types of oligomerization states. Specifically, the "1 × 4" or "4 × 1" oligomers have not been observed in our STM observations.

Contribution of cohesive interactions in ThT oligomerization
------------------------------------------------------------

In this section, we calculate the free energy of the 1 × 2, 2 × 1, and 2 × 2 states based on a statistical distribution of ThT oligomers. As shown in [Fig. 5](#F5){ref-type="fig"} (B and C) and table S4, the number distribution of ThT was obtained on the basis of the population of ThT oligomers. The probability theory relates the probability (*P~i~*) of the system being in state *i* to the energy of that state (*E~i~*) and the temperature of the system (*T*) as ([@R27])$$P_{i} = \frac{e^{- E_{i}/k_{B}T}}{\sum_{j = 1}^{M}e^{- E_{j}/k_{B}T}}$$where *k*~B~ is the Boltzmann constant and *M* is the number of all states accessible to the system. The relative energy difference between two states depends on the ratio of their probabilities$$E_{i} - E_{j} = - k_{B}\mathit{Tln}\left( \frac{P_{i}}{P_{j}} \right)$$

As shown in [Fig. 5D](#F5){ref-type="fig"}, the relative energy difference between the 1 × 2, 2 × 1, and 2 × 2 states was calculated by using [Eq. 2](#E2){ref-type="disp-formula"}. To relate the relative energy difference to the cohesion work, we have$$2E_{2 \times 1} - 2E_{1 \times 2} = W_{\text{co-side}} - W_{\text{co-head}} = - 2.2k_{B}T$$$$4E_{2 \times 2} - 4E_{2 \times 1} = 2W_{\text{co-head}} - (2W_{\text{co-head}} + 2W_{\text{co-side}}) = - 8.4k_{B}T$$in which *E*~1×2~, *E*~2×1~, and *E*~2×2~ are the free energy per ThT molecule in the 1 × 2, 2 × 1, and 2 × 2 states, respectively. *W*~co-head~ and *W*~co-side~ are the cohesion work needed to separate two ThT molecules that are in head/tail contact and side-by-side contact, respectively ([Fig. 5E](#F5){ref-type="fig"}). In our calculation, we use the singly dispersed ThT adsorbed at the hIAPP~8--37~ surface as the reference state, so the cohesion work is positive.

By combining [Eqs. 3](#E3){ref-type="disp-formula"} and [4](#E4){ref-type="disp-formula"}, we calculated *W*~co-head~ and *W*~co-side~ to be 6.4 and 4.2 *k*~B~*T*, respectively. This result provides insights into the role of the cohesive interaction between ThT molecules in their selective oligomerization. For instance, we can estimate the free energy difference among three possible tetramer structures$$4E_{1 \times 4} - 4E_{2 \times 2} = (2W_{\text{co-head}} + 2W_{\text{co-side}}) - 3W_{\text{co-side}} = 8.6k_{B}T$$$$4E_{4 \times 1} - 4E_{2 \times 2} = (2W_{\text{co-head}} + 2W_{\text{co-side}}) - 3W_{\text{co-side}} = 2.0k_{B}T$$

These calculation results support our experimental observation that the formation of 2 × 2 oligomers is more favorable in energy than the formation of 1 × 4 and 4 × 1 oligomers ([Fig. 5G](#F5){ref-type="fig"}).

Before describing the results regarding adhesive interactions, we make four statements. First, our STM imaging was performed with an equilibration time over 24 hours, and thus, the resulting interfacial adsorption and self-assembly of ThT molecules are regarded to be at equilibrium, which allows us to relate the energy of each oligomerization state with the occurring probability. Second, considering that ThT oligomers mostly adsorbed in the middle portion of the peptide strands, the possibility that the adhesion work (*W*~ad~) to separate a ThT from the peptide assembly ([Fig. 5F](#F5){ref-type="fig"}) may be different due to the variation of ThT-binding sites on the hIAPP~8--37~ assembly surface was not taken into account. Third, it is difficult to distinguish the molecular conformation of a single ThT within an oligomer based on the current resolution. Last, the ThT concentration in STM observations, 1 mM, is relatively low and might influence the number of 2 × 3 oligomers to deviate from the equilibrium state. Thus, the small number of ThT molecules at the 2 × 3 oligomerization states was not considered in the number distribution of ThT. In the future, we will increase the concentration of ThT to investigate the number distributions of ThT with higher association numbers.

Role of adhesive interactions on ThT oligomerization
----------------------------------------------------

As demonstrated in our STM experiments, the segment of the C-terminal domain Gly^24^-Tyr^37^ of hIAPP with the sequence GAILSSTNVGSNTY is involved in the interactions between the adsorbed ThT and the hIAPP~8--37~ assembly. Specifically, most ThT molecules bind in the middle region of the Gly^24^-Tyr^37^ motifs, rather than the proximity of the peptide C termini, i.e., Tyr^37^. Therefore, the adsorption of ThT is driven by the attractive interaction generated by the side chains of the Gly^24^-Thr^36^ segment, which can be categorized into two groups according to their pertinent properties, such as a polar and uncharged group (Ser, Thr, and Asn) and a nonpolar group (Ala, Ile, Leu, and Val). The sulfur atom of ThT is a weak hydrogen bond acceptor in comparison with the conventional N─H^...^O, O─H^...^O, and O─H^...^N hydrogen bonds ([@R28]), whereas the delocalization of the sulfur electron pair in the benzothiazole ring further weakens the hydrogen-bonding capability of the sulfur atom of ThT. Thus, the intermolecular interactions between ThT and the Gly^24^-Thr^36^ segment are mainly attributed to being van der Waals interactions and hydrophobic interactions. We predict that there exists a change of the intermolecular interactions controlled by the surface of the two-dimensional polypeptide substrate, e.g., adding electrostatic attractions to change the adsorbed ThT orientation, which results in a different adhesive interaction between ThT and the peptide substrate and, thus, changes the oligomerization state of the bounded ThT.

DISCUSSION AND CONCLUSION
=========================

In this work, our STM experimental approaches provide detailed information at a molecular level and leverage the knowledge gained to control the oligomerization of drug molecules at their protein receptors. On the planar surface of a two-dimensional protein assembly system, we revealed that the binding structures of ThT involve multiple association states, including dimers in two packing configurations (1 × 2 and 2 × 1), tetramers (2 × 2), and hexamers (2 × 3). Tetramers are a quantitatively dominant oligomer, where the long axes of ThT molecules are parallel to the main chains of hIAPP~8--37~. Multiple binding states of ThT were ranked by their respective occurring frequency, which is reflected by the difference in energy between states. The different association states of ThT reflect changes in the intermolecular interactions between adjacent ThT molecules (cohesive interactions) and interactions between ThT and the protein substrate (adhesive interactions). Specifically, the work of cohesive interactions required to separate two ThT molecules, in head/tail contact and side-by-side contact, was calculated to be 6.4 and 4.2 *k*~B~*T*, respectively. In addition, we demonstrate that the work of adhesive interactions between ThT and the receptor depends on the microenvironment of the binding site. In contrast to the ambiguous STM signal of ThT adsorbed at the hIAPP~8--37~ surface ([Fig. 2B](#F2){ref-type="fig"}), the resolution of the STM images of ThT at the 4Bpy/hIAPP~8--37~ assembly surface is enhanced, allowing a better understanding of the locations of the ThT oligomers ([Fig. 4A](#F4){ref-type="fig"}). In addition, ThT oligomers are prone to adsorb atop the 4Bpy-rich region rather than the 4Bpy-lean region (as shown in [Fig. 4A](#F4){ref-type="fig"}). These observations lead us to conclude that the work of adhesive interactions between ThT and the receptor depends on the microenvironment of the binding site (i.e., pure hIAPP~8--37~ surface versus 4Bpy/hIAPP~8--37~ coassembly).

We believe that our work provides a new principle for the design of the oligomerization state of bounded drugs for future studies. We expect to use a small molecule--assembled nanocluster to occupy a large binding pocket instead of creating a large molecule with high molecular weight. The ability to select the oligomerization state will provide a number of advantages that would benefit drug targeting, such as the improvement of local drug concentration without conjugating drugs via covalent interactions that can potentially change the drug function, the cooperation between different subunits of an oligomer enabling a cooperative activation in the molecular recognition process, and the increased stability of drugs against proteolytic degradation due to the reduced surface area of drug exposed to the solvent and enzymes.

This report also provides single molecular evidence that the use of a chaperone-like molecule is a feasible strategy for STM visualization of a drug ligand bound to its receptor. Many challenges and debates remain on the molecular mechanism by which drug molecules bind with amyloids due to the limited resolution of conventional structural characterization methods ([@R8], [@R29]--[@R33]). STM provides direct molecular imaging to determine the structural characteristics and the critical drug-binding sites in the intrinsic heterogeneous protein systems where conventional techniques (e.g., x-ray crystallography, nuclear magnetic resonance spectroscopy, and cryo--electron microscopy) that average or extract only periodic information of the structures are restricted. The chaperone-assisted strategy can be propagated into the field of study on the bound state of a drug molecule that involves a switch between multiple metastable configurations and the interactions of drug candidates with either intrinsically disordered proteins or proteins that contain multiple conformers. Currently, the mechanism by which a chaperone-like molecule decreases the thermal fluctuation of a drug ligand has yet to be understood. The first possible mechanism is proposed as "direct" intermolecular interactions occurring between chaperones and drugs. Detailed studies of a variety of guest molecules adsorbed on the supramolecular host structure illustrate that the weak intermolecular interactions between guest and host species, such as van der Waals interactions and hydrogen bonds, are known to confine the diffusion of the guest molecule ([@R34]--[@R36]). Given the fact that no direct, noncovalent interaction between ThT and 4Bpy was observed in the ternary structures of ThT/hIAPP~8--37~/4Bpy, this direct mechanism appears unlikely to account for our experimental observations. Alternatively, the second possible mechanism involves an "indirect" interaction---the periodic 4Bpy arrays play a spatial confinement effect that increases the crystallinity of protein assemblies on a molecular scale and thus reduce the diffusion of ThT on the hIAPP~8--37~ surface. We comment here that the structure of hIAPP~8--37~ folding and assembly determined by our STM is in quantitative agreement with previous in vivo study ([@R37]--[@R39]) and the structure determined using other conventional characterization techniques such as x-ray crystallography and nuclear magnetic resonance spectroscopy ([@R17], [@R40]).

As a summary, our fundamental studies draw attention to a previously unidentified molecular recognition mechanism where a drug molecule adopts different oligomerization states to interact with specific proteins. Distinct from the conventional lock-and-key concept of probe binding as a monomer, our observations lead to a novel proof of concept that ThT oligomers act as an indivisible unit to recognize their target. The adhesive interactions and cohesive interactions endow ThT with a unique oligomerization state selectivity. We will explore the impacts of the chemical context of side chains on ThT oligomerization in our future studies by using the two-dimensional peptide assembly system to exclusively present charged side chains or aromatic side chains. These fresh single-molecule insights provide pathways for understanding the precise manipulation of the association states of a drug molecule in a complex biological system and will inspire the design of drug compounds based on the concept of oligomer state-dependent recognition.

MATERIALS AND METHODS
=====================

Materials
---------

Lyophilized powders of synthetic hIAPP~8--37~ were purchased from the Bankpeptide Biological Technology Co. Ltd. The purity of peptide powders (above 98%) was verified by high-performance liquid chromatography and mass spectroscopy. ThT, 4Bpy, and hexafluoroisopropanol (HFIP) were purchased from Sigma-Aldrich Co. Ltd. These chemicals were of analytical grade and, hence, used without any further purification.

Preparation of STM samples
--------------------------

Lyophilized powders of hIAPP~8--37~ were dispersed in HFIP to obtain unfolded hIAPP~8--37~ monomers. After the HFIP was evaporated, the peptide was dissolved in Milli-Q water to achieve a concentration of 0.4 mM and was left to incubate in the water for 24 hours. Similarly, for the samples of the hIAPP~8--37~/ThT, hIAPP~8--37~/4Bpy, and hIAPP~8--37~/ThT/4Bpy coassemblies, the peptides were added with the corresponding small molecules to form the corresponding solutions. The final concentrations of hIAPP~8--37~, ThT, and 4Bpy were 0.4, 0.4, and 1 mM, respectively. The mixed solutions were incubated in Milli-Q water for 24 hours. A 10-μl sample of each solution was then deposited on separate surfaces of freshly cleaved HOPG. After incubating for 20 min, the excess solution was removed from the HOPG surface by high-purity nitrogen gas. Interfacial water films were then formed on the surface of the HOPG to create a liquid-solid interface.

STM measurements
----------------

STM experiments were performed in the constant-current mode under ambient conditions (Nanoscope IIIa SPM system, Bruker, USA). The STM tips were mechanically formed using Pt/Ir wire (80/20). The tunneling conditions are described in the corresponding figure captions. In practice, however, the results from the STM measurements also depend on the STM tip geometry. It is nearly impossible to control the geometry of each STM tip at the atomic scale. To distinguish if there are any artifacts in the STM images generated by a specific STM tip, experiments were repeated independently using different tips. This was done to ensure the reproducibility of measurements. The specific features of peptide strands in the STM images had a certain amount of variability, which resulted from variability in the STM tips in combination with the molecular conformational fluctuations. The results on the statistical distribution of the length, however, were nearly unaffected by different sample preparation conditions.

Statistical methods
-------------------

The lengths of the peptide strands in the STM images were measured by using the Gwyddion software (version 2.31, Czech Metrology Institute, Czech Republic). A length increment of 0.325 nm is assumed in the statistical histogram of the length distribution of peptide assemblies. The measured lengths in the histograms represent 200 to 300 measured values from the STM images. The number frequencies in the statistical results are all based on the number of events. Assignments of the most probable sites are determined from the peak distribution of peptide length histograms.

Molecular simulation
--------------------

To illustrate the molecular arrangement of ThT oligomers, theoretical calculations were performed in a vacuum using a dispersion-corrected density functional theory (DFT-D) scheme provided by the DMol3 code ([@R41]). The Perdew-Burke-Ernzerhof parameterization of the local exchange-correlation energy was applied to describe the exchange and correlation. All-electron spin-unrestricted Kohn-Sham wave functions were expanded in a local atomic orbital basis. For the large system, the numerical basis set was applied. All calculations were all-electron ones and were performed with the medium mesh. The self-consistent field procedure was performed with a convergence criterion of 10^−5^ arbitrary units on the energy and electron density. The initial models were built on the basis of experimental lattice parameters. Then, DFT calculations were performed to further optimize these initial models in the perspectives of molecular configuration and lattice parameters. More information is provided in section S1.
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